Semi-Flexible Polyimide and Polyamide Systems by Evans, John Ryan
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1984 
Semi-Flexible Polyimide and Polyamide Systems 
John Ryan Evans 
College of William & Mary - Arts & Sciences 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Organic Chemistry Commons 
Recommended Citation 
Evans, John Ryan, "Semi-Flexible Polyimide and Polyamide Systems" (1984). Dissertations, Theses, and 
Masters Projects. Paper 1539625254. 
https://dx.doi.org/doi:10.21220/s2-rcjv-3f74 
This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
SEMI-FLEXIBLE POLYIMIDE AND POLYAMIDE SYSTEMS
A Thesis 
P resented to 
The Faculty  of the D epartm ent of Chem istry 
The College of William and Mary in Virginia
In P a rtia l Fulfillm ent 
of the Requirem ents for the  Degree of 
Master of A rts
by
John R. Evans
1984
ProQ uest Number: 10626481
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction  is d e p e n d e n t  upon  th e  quality of th e  co p y  subm itted.
In th e  unlikely e v e n t th a t th e  au thor did no t send  a  co m p le te  m anuscript 
a n d  th ere  are  missing p a g es , th e se  will b e  n o ted . Also, if m aterial h ad  to  b e  rem oved ,
a  n o te  will ind icate  th e  deletion.
uest.
ProQ uest 10626481
Published by ProQ uest LLC (2017). Copyright of th e  Dissertation is held by th e  Author.
All rights reserved.
This work is p ro te c te d  ag ain st unauthorized copying under Title 17, United States C o d e
Microform Edition © ProQ uest LLC.
ProQ uest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 - 1346
APPROVAL SHEET
This thesis is submitted in partial fulfillment 
of the requirements for the degree of 
Master of Arts
J ohn R. Evans
Approved, 1984
Robert A. Orwoll
6 o J l k c ^  A/
William H. Bunnelle 
David E. Kranbuehl
Xw / Jf.CLj
'tffrry L. St. Clair
TABLE OF CONTENTS
ACKNOWLEDGEMENTS.....................................................................................   iv
LIST OF F IG U R E S ..............................................................................................................  v
A B STR A C T..................................................   vi
INTRO DU CTION .................................................................................................................  1
EXPERIM ENTAL.....................................    6
I. Synthesis of Polyesters Derived from U,b'- 
Dihydroxy- c*,&>-Diphenoxy-alkanes and
Terephthalic  A cid ..............................................................................................  6
II. Synthesis of Polypyrom ellitim ides from 
Pyrom ellitic Dianhydride and <*,<o
-D iam inoalkanes................................................................................................. 8
III. Synthesis of Polybrom opyrom ellitim ides from 
Brom opyrom ellitic Acid and
-D iam inoalkanes................................................................................................. 9
IV. Synthesis of Random Copolymers via th e  Diamine
S a l t .........................................................................................................................  11
V. Synthesis of Random Copolymers via the Polyam ide-
a c id ........................................................................      13
VI. Synthesis of Polyim ides from Bis-(4-amino-
phenoxy) alkanes and Pyrom ellitic D ianhydride......................................  16
VII. Synthesis of P o ly a m id e s ..................................................................................  18
VIII. L ist of R eag en ts ..................................................................................................  20
IX. C h a ra c te r iz a tio n ................................................................................................ 22
RESULTS AND DISCUSSION...........................................................................................  23
CO NCLUSION ......................................................................................................................  29
R EFER EN C ES......................................................................................................................  30
FIGURES..................................................................................................    32
iii
ACKNOWLE DGE ME NTS
I would f irs t like to  thank God, without whom nothing would be possible.
My sincere thanks go to  Dr. Robert Orwoll for his patience, guidance, and 
assistance in this project.
I would also like to  acknowledge Dr. David Thompson and the en tire  faculty  
and s ta ff  of the William and Mary chem istry departm ent.
Special thanks are necessary for Terry St. C lair, Tom Wakeland, and Paul 
Hergenr other of the  NASA-Langley R esearch C enter for their help and assistance.
Finally, I am indebted to  my fam ily and friends for all their support and 
encouragem ent during the past year.
LIST OF FIGURES
Figure 1. Poiypyrom ellitim ides from diamine sa lt
in te rm ed ia tes .................................................................................... 32
Figure 2. Poiypyrom ellitim ides prepared from the
polyam ide-acid ................................................................................. 33
Figure 3. NMR analysis of b rom odurene....................................................  3^
Figure 4. Perkin-E lm er 1320 infrared  spectrophoto­
m eter analysis of bis-(^-amino-phenoxy)
d e c a n e .................................................................................................  33
Figures 3-18. D ifferen tia l Scanning C a lo rim e try ............................................  36
Figure 19. X-ray diffraction analysis of poly
(brom oocotam ethylenepyrom ellitim ide)................................. 30
Figure 20. X-ray diffraction analysis of poly
(brom odecam ethylenepyrom ellitim ide)...................................  31
Figure 21. X-ray d iffraction analysis of poly
(brom ododecam ethylenepyrom ellitim ide)..............................  52
Figure 22. A comparison of polypyrom ellitim ide to
polybromopyromellitim ide m elt transitions 
(DSC) as a function of the number of
m ethylene g ro u p s ...........................................................................  53
v
ABSTRACT
M acrom olecular liquid-crystalline system s are technologically im portant to  
the fiber industry. Fibers spun from liquid-crystalline m ateria ls  possess high- 
s treng th , low-weight properties, causing considerable excitem ent as to  th e ir  
potentia l industrial applications. R ecent research has focused prim arily on 
synthesizing therm otropic polym eric system s, since spinning fibers from 
anisotropic m elts is exceedingly advantageous to conventional solution-spun 
techniques. Thus, polyimides and polyamides of the general s tructu re
were prepared and exam ined for therm otropic liquid-crystallinity by D ifferential 
Scanning C alorim etry  and hot-stage microscopy. These polymers were prepared 
with a lte rna ting  rigid and flexible segm ents along the backbone. With the 
exception of the polyamide synthesized from sebacoyl chloride and sulfanilam ide, 
all polymers possessed extrem ely  stable crystalline s ta te s . In the case of the 
poly-pyrom ellitim ides, crystalline stab ility  was due to  the strong interm olecular 
forces acting  betw een the pyrom ellitic ring m oieties. P lacing a bromine 
substituent on the pyrom ellitic ring disrupted m olecular sym m etry, causing a 
decrease in crystalline m elt transitions for these polyimides. Random copolymers 
from pyrom ellitic dianhydride and m ixtures of arom atic  diamines and aliphatic  
diamines produced polyimides with exceptionally high therm al stab ility . Random 
copolymers, from pyrom ellitic dianhydride and alkylene diamines of various 
lengths, produced polyimides with depressed crystalline m elt tem peratures, as 
com pared to  th e ir respective hom o-pyrom ellitim ides. These m acrom olecular 
system s w ere fu rther characterized  by X-ray d iffraction analyses, solubility, and 
viscosity m easurem ents.
O x O
O o n
where x = H , Br
where R = an arom atic  and/or a liphatic  m oiety
and,
n
INTRODUCTION
Liquid-crystalline behavior was f irs t recognized in 1888 by R ein itzer while 
examining the properties of cholesterol re lated  compounds. R ein itzer discovered 
th a t heating samples of cholesteryl benzoate produced a separa te  in term ediate  
phase between the crystal m elt tem peratu re  and the isotropic liquid s ta te .
F u rth er studies by Lehmann in 1890 showed similar behavior in ammonium o leate  
and p-azoxyphenetole. Lehmann called these unusual substances "Fliissige 
K ristalle", or liquid crystals. ^  The term  seemed appropriate  since heating these 
m aterials generated  turbid m elts which behaved sim ilar to  th a t of a solid and 
liquid.
Although these substances seem ed to  have some degree of fluidity during 
their anisotropic s ta te , they still retained  a g reat deal of orientational order. This 
order was exhibited by the appearance of birefringence when the liquid-crystalline 
phase was viewed betw een crossed polarizers.^
This anisotropic arrangem ent of molecules can assume th ree  forms: 
sm ectic, cholesteric , and nem atic . Sm ectic liquid crystals allign in layers along a 
specific axis of direction. C holesteric liquid crystals are also arranged in layers, 
but the direction of the  orientational axis varies from layer to  layer. Finally, in 
nem atic  liquid crystals , the molecules tend to  align along a preferred  axis but are 
not layered.^
Liquid crystallin ity  can be induced e ither by variances in tem peratu re  or by 
dissolving a substance in a particu lar solvent medium. If the mesophase occurs 
simply by heating or cooling, then the liquid crystal is referred  to  as 
therm otropic. Lyotropic liquid crystals, however, form anisotropic solutions at a 
specific or critica l sam ple-solvent concentration.^
Extensive studies on low m olecular weight compounds such as p- 
azoxyanisole (PAA) and n-(p-m ethoxybenzylidene)-p’-butylaniline (MBBA) have 
provided valuable insight in to  the properties ch a rac te ris tic  of liquid-crystalline 
m ateria ls.^
CH3Q N = N o c h 3  PAA
CH3 o / ( ) y  C = N V Y ) \  C^Hg -n MBBA
A fter exam ining these system s and other known liquid-crystalline system s, 
one can c ite  several common struc tu ra l and physical features:
2(i) A rom atic residues**
(ii) Large leng th-to -bread th  ratios^
(Rod-like, elongated, linear)
(iii) Rigidity along the m olecular axis
(iv) P lanarity^
(v) High polarizability^
(vi) Perm anent dipoles**
Interm olecular forces play an integral part in the form ation and stab ility  of 
the liquid-crystalline phase. A fte r  the breakdown of the crystal la ttic e , these 
forces ac t to  m aintain some m easure of order and s tru c tu re  while perm itting the 
fluidity associated with this s ta te . These in term olecular forces (dipole-dipole and 
van der Waals in teractions) can ac t more effectively  if the m olecules are typically 
elongated, linear rigid rods. D eviations from this struc tu ra l conform ation would 
hinder these a ttra c tiv e  forces since they tend to  ac t over a short range.** F urther, 
the  rigid rod s truc tu ra l configuration fac ilita te s  m olecular alignm ent and packing 
in the liquid-crystalline s t a t e /
The presence of arom atic  m oieties ideally enhances the therm al stability  of 
the mesophase. A rom atics are  fa irly  rigid, planar struc tu res  so they are 
commonly found in many liquid-crystalline compounds. F u rth er, they a re  easily 
polarizable and thus increase the  e ffec t of a ttra c tiv e  in term olecular f o r c e s /
In te res t in liquid-crystalline m ateria ls  has increased considerably in recen t 
years due to  potential industrial applications. Scientists have achieved 
rem arkable success in incorporating low m olecular weight liquid crystals in display 
devices such as calculators and w a tc h e s /  Because of their d ie lectric  anisotropy, 
liquid crystals  can be reorien ted  by applying a m agnetic or e lec tric  field . Thus, 
fluctuations in the applied ex ternal field will cause the appropriate reorien tation  
of the molecules in the mesophase.**
Many properties inherent in low m olecular weight liquid-crystalline system s 
are generally analogous to  those found in m acrom olecular liquid-crystalline 
system s. Various biological polym eric system s^ have long been recognized to  
exhibit liquid-crystalline behavior. However, it was not until 1965 th a t Kwolek^ 
synthesized the f irs t polym eric lyotropically liquid-crystalline compound of a non- 
biological na tu re . A m ixture of poly (1,^-benzam ide) in te tram ethy lu rea/L iC l 
exhibited charac te ris tics  sim ilar to  known anisotropic polymer solutions. This was 
indeed a rem arkable discovery, for Kwolek found th a t dry spinning the polymer 
solutions produced fibers of trem endous modulus and ten ac ity /®  Because the 
polymer chains are highly oriented in the liquid-crystalline s ta te , dry spinning 
techniques produce fibers which re ta in  th is m olecular orien ta tion . Thus, for rigid, 
arom atic  m olecular s tru c tu res  such as poly (1,4-benzam ide), one would expect 
th a t a high-strength fiber would subsequently resu lt.
3F urther investigation into the propensity of arom atic  polyamides 
("aramids") to  form  liquid-crystalline solutions led to  the discovery of K evlar, 
Dupont's highly touted  aram id fiber. Kevlar is poly (p-phenylene terephthalam ide) 
spun from  solutions of concen trated  sulfuric acid . The am azing strength  and 
durability of Kevlar fibers surpasses many conventional m aterials. Its high 
s treng th  and low weight have caused considerable excitem ent as to  its  potentialo
for com m ercial use.
Although aram id fibers such as Kevlar were a major technological 
breakthrough for the  fiber industry, the ex trem e processing techniques required to  
produce these  m ateria ls  has made them  somewhat economically u n a ttrac tiv e . 
However, K evlar's success has sparked vigorous research into other potentially 
mesomorphic polym eric system s. Kevlar proved th a t liquid-crystalline compounds 
can produce high-strength, high-modulus fibers. The m olecular struc tu re  of poly 
(p-phenylene terephthalam ide) prom otes th is liquid-crystalline behavior and 
streng th  properties. However, polym eric system s with such rigidity along the 
chain backbone are typically  highly crystalline m ateria ls . Interm olecular 
hydrogen bonding with the polyamides fu rther enhances crystallinity.* * Thus, 
therm al decomposition usually occurs before collapse of the crystal la ttic e  and 
th ere fo re  the liquid-crystalline phase is not observed simply by heating. This 
poses an intriguing dilem m a for industrial chem ists. Rigid, rod-like m oieties 
placed along the polymer backbone afford high-strength properties while 
necessita ting  harsh processing conditions in order to  induce the liquid-crystalline 
s ta te .
In 1975 Roviello and Sirigu found th a t polyesters with the following 
s tru c tu re  exhibited therm otropic liquid-crystalline behavior:
OOC(CH^) -COO
M ethylene spacer groups inserted  betw een the  rigid units within the polymeric 
s tru c tu re  provide the flexibility  necessary so th a t liquid crystallin ity  can be 
observed upon heating. As the  length of the m ethylene segm ent increases, the 
nem atic-iso tropic transitions recorded for th is polyester steadily  decrease. This is 
due to  the additional flexibility along the polymer backbone. The polymer has less 
mesogenic ch arac te r since the -Q -^ -  groups possess a high degree of ro tational 
f re e d o m .^
Therm otropic polym eric behavior has ex trem e technological im portance. 
Spinning fibers from anisotropic m elts is exceedingly advantageous to  
conventional solution-spun techniques. Less processing is involved as well as
m ilder processing conditions. This transla tes into reduced production expenditures 
fo r the  m anufacturer.*
Therm otropic polyesters with a lte rna ting  rigid and flexible segm ents have 
been extensively studied.*^"*** H igh-strength, high-modulus fibers have been spun 
from anisotropic m elts of liquid-crystalline polyesters.* Our investigation 
concerned the  synthesis and charac teriza tion  of o ther m acrom olecular system s 
incorporating flexible m ethylene spacer groups along the polymer backbone. We 
investigated  these system s for therm otropic liquid-crystalline behavior and 
subsequent potential as a fiber. We have prim arily focused our a tten tion  on the 
polyimides and in itial research was conducted on poiypyrom ellitim ides with the 
following structu re:
-N
Oti
c
c
II
o
o
ti
c
c
It
o
N-(CH2)x-
Polyim ide system s have been utilized extensively on spacecra ft and 
airplanes because of their many desirable physical properties: therm al and 
oxidative stab ility , radiation resistance, hydrolytic stability ,*^ high glass- 
transition  tem pera tu res , resistance to  solvent a ttack , and minimal weight loss due 
to  therm al degradation.*^
Many of the a ttra c tiv e  fea tu res  inherent in polyimide system s are 
especially im portan t when considering possible mesogenic behavior. If fibers can 
be spun from anisotropic m elts of polyimide system s, many exceptional 
ch arac te ris tics  would be im parted to  the  substance.
No case of liquid crystallin ity  has yet been reported  for the polyimides. 
However, polyimide system s such as the poiypyrom ellitim ides possess many 
featu res ch a rac te ris tic  of mesogenic compounds. The pyrom ellitim ide ring system 
is rigid, planar, and highly polarizable. F u rther, polym erization with prim ary 
diamines produce linear polymer chains with large leng th-to -bread th  ratios.
Rigid, rod-like segm ents (such as the pyrom ellitic m oiety) situated  along the 
polymer backbone prom ote the form ation of the nem atic  liquid-crystalline s ta te .
19In 1955 Edwards and Robinson discovered th a t polyimides from 
pyrom ellitic acid and alkylene diamines possessed many desirable properties 
necessary fo r injection molding of shaped artic le s. Toughness, therm al and 
oxidative stab ility , suitable m elt viscosity, and tra c tab ility  were some of their 
outstanding ch arac te ris tic s . However, the possibility of mesogenic behavior for 
these poiypyrom ellitim ides was probably not explored. Thus, because of the 
s truc tu ra l and physical properties aforem entioned, we decided th a t the
5poiypyromellitimides were worthy of our attention; and, since the chem istry 
involved in the preparation of poiypyromellitimides had been fully documented 
(see figures 1 and 2 ), this system seemed ideal for initial study.
EXPERIMENTAL
6
I. Synthesis of Polyesters Derived from 4,4'-Dihydroxy- -Diphenoxy-
alkanes and Terephthalic Acid
Monomer Preparation
4,4 -Dihydroxy- * -Diphenoxyalkanes
HO o - ( c h 2 ) x - o OH
where x = S ,9
The 4,V-dihydroxy- -diphenoxyalkanes were prepared as described by 
Griffin and H av en s:^
.5 0  HO OH + .0 5  B r-(C H 2 ) X-B r
KOH
4,4'-dihydroxy- **,u> -diphenoxyoctane mp 151° - 153 °C
(Literature^* mp 152° -  153 °C)
V-dihydroxy- <* ,u> -diphenoxynonane------------------- mp 114° -  116 °C
(No reported melting point)
Terephthaloyl Chloride
The terephthaloyl chloride was obtained com mercially and purified by 
99sublimation, in vacuo.
7Polym erization
2  “2
The polyesters were prepared as described by Jin  e t als 
P o lyester from fr^'-dihydroxy- gt,gj-diphenoxyoctane and T erephthalic  Acid
The 4,4'-dihydroxy- -diphenoxyoctane (0.00175 mole) was added, with 
stirring, to  s-te tra-ch lo roe thane  (50 ml) and pyridine (10 ml) in a 500 ml th ree ­
necked round bottom  flask. The terephthaloyl chloride (0.00175 mole), dissolved 
in 50 ml s-te tra -ch lo roethane , was added slowly (5 m inutes) to  the diphenol 
solution under an atm osphere of nitrogen. The m ixture was stirred  under nitrogen 
for 22.5 hours. A cetone (300 ml) was then added producing a fibrous, white 
p rec ip ita te  of the polyester. The solution was filte red  with suction, and the 
p rec ip ita te  washed with acetone-deionized w ater-acetone. The polymer was then 
dried, in vacuo, a t approxim ately 60 #C. The (CH2)g polyester appeared as a w hite 
solid with the following therm al (DSC) ch arac teris tics:
EXO = 197 °C T m = 234°C  Tc = 287 " c
Polyester from fr,V-dihydroxy- * , u?-diphenoxynonane and T erephthalic  Acid
The 4,4'-dihydroxy- «<,<*> -diphenoxynonane (0.005 mole) was added, with 
stirring, to s-te tra-ch lo roethane  (50 ml) and pyridine (10 ml) in a 500 ml th ree­
necked round bottom  flask. The terephthaloyl chloride (0.005 mole), dissolved in 
50 ml s-te tra-ch lo ro eth an e , was added slowly (5 m inutes) to  the diphenol solution 
under an atm osphere of nitrogen. The m ixture was s tirred  under nitrogen for 21.5 
hours. A cetone (300 ml) was then added producing a fibrous, white p rec ip ita te  of 
the polyester. The solution was filte red  with suction, and the p rec ip ita te  washed 
with acetone-deionized w ater-acetone. The polymer was then dried, in vacuo, at 
approxim ately 60°C .  The ( C H ^  polyester appeared as a w hite solid with the  
following therm al (DSC) charac te ris tics: T m = 348 °C
8II. Synthesis of Poiypyrom ellitim ides from Pyrom ellitic  Dianhydride and 
-Diaminoalkanes
Monomer P reparation
The pyrom ellitic dianhydride (PMDA) and <a, u> -diam inoalkanes were 
obtained com m ercially and used without fu rth er purification.
it
C✓
NcII
o o
PMDA
h 2n -(c h 2)x- n h 2
where x = 8,9,10,12 
-Diaminoalkanes
Polym erization
The poiypyrom ellitim ides were prepared as described by T a n g ,^  and 
Edwards and R ob inson :^
Poiypyrom ellitim ides from Pyrom ellitic  Dianhydride and -Diaminoalkanes
-(C H 2 ) x - n v
Stoichiom etric  am ounts (0.005 - 0.015 moles) of the PMDA and o< , u> 
-diam inoalkane w ere used. The diamine was added, with stirring, to 30 ml 
deionized w ater in a 1 0 0  ml round bottom  flask equipped with a glass cannula.
The PMDA was mixed with 30 ml of 95% ethanol in a 100 ml erlenm eyer flask. 
Both solutions w ere then im m ersed in a w ater bath and warm ed to  approxim atelyO70 C. When the monomers had com pletely dissolved, the PMDA solution was 
combined with the diam ine in the  round bottom  flask. The tem peratu re  of the  
w ater bath was increased (8 5 °-9 0  °C), and the m ixture was refluxed for 20 
m inutes under an atm osphere of nitrogen. The hot solution was then poured into a 
beaker and allowed to  cool slowly. The diam ine sa lt p recip ita ted  as white,
9powdery crystals. Further crystallization ensued a f te r  cooling in a refrigera tor 
(5°C) overnight. The crystals were collected on a buchner funnel and washed with 
a 50/50 ethanol-w ater m ixture. The diamine sa lt was then recrystallized from a 
solution of 30 ml ethanol and 30 ml deionized w ater and subsequently allowed to 
air dry.
The sa lt crystals were finely ground using a m ortar and pestle. The powder 
was then placed in a glass tube and heated, in vacuo, to 110°- 138 °C for 
approximately 30 m inutes. The tem perature was slowly raised, and 
polym erization was com pleted a fte r  heating to 250° -  300 °C for 10 to 20 
m inutes. The poiypyromellitim ides appeared as granular, white solids with the 
following therm al (DSC) characteristics:
> 350 °C (observed visually)
= 323°C 
= 305 °C
III. Synthesis of Polybromopyromellitim ides from Brom opyrom ellitic Acid 
and -Diaminoalkanes
Monomer P reparation
Bromodurene
B r
H3C CH-
-(CH2)8- T m
-(CH2)9 - T
1 m
10(NXCJ1 T m
-(CH 2 )jl2 " T1 m
H3C c h 3
2 5Bromodurene was prepared as described by Smith and Moyle: J
B rH>ci6r  . . . .
H3C ^ ^ ^ 3
Monobromodurene + Dibromodurene Steam
Distillation
B r1
h3c ^ r CH3
h 3c
B r
B r•
^ c h 3
h 3c
' n
v  c h 3
h 3c  J ^  O f 3
10
Bromodurene ----------------------   mp 57 °C
(L ite ra tu re ^  mp 60.5 °C)
(See figure 3 for NMR analysis)
Brom opyrom ellitic Acid
O B r OH I II
HO-C . X V  C-OH
HO-C ' W '  C-OH
i t  t i
o o
Brom opyrom ellitic acid was prepared similarly to  th a t described by M ills :^
In a 2000 ml three-necked round bottom  flask, bromodurene (0.0469 mole) 
was dissolved in 100 ml of a 1.5 N potassium hydroxide solution. The m ixture was 
heated with stirring  to approxim ately 85° -  95 °C. Potassium perm anganate (296 
ml of a 5% solution) was then added in 4 equal portions a t 1 hour intervals. The
o Ostirred  solution was m aintained a t a tem perature  of 85 -  95 C for 48 hours. The 
m ixture was then allowed to  cool and methanol added to  remove any remaining 
perm anganate. The m ixture was filtered  and the f iltra te  concentrated . A cetic 
acid was then carefully added to  the hot f iltra te  until slightly acidic. A boiling 
solution of B a C ^ ^ ^ O  (0.1876 mole) in 245 ml w ater was added producing a 
white p rec ip ita te  of barium brom opyrom ellitate. The p recip ita te  was collected on 
a sintered-glass buchner funnel and washed with w ater. The crystals were dried in 
an oven a t approxim ately 80 C.
The barium brom opyrom ellitate (26.4 g) was added to  365 ml of a 3 N HC1 
solution and the s tirred  m ixture brought to  a boil. Hot sulfuric acid (125 ml of a 3 N 
solution) was then added and a white p recip ita te  of BaSO^ resulted. The m ixture 
was quickly filte red  and the f iltra te  allowed to cool slowly. The 
brom opyrom ellitic acid gradually p recip ita ted  as fine, white crystals. Further 
crystallization ensued a fte r  cooling in a re frigera to r overnight. The p recip ita te  
was collected on a sintered-glass buchner funnel, washed with ethanol, and air 
dried (Yield, 35.76%).
Brom opyrom ellitic a c id ------------   Decomposition
without m elting $5 
260 °C
(L ite ra tu re ^ , Decomposition
without m elting 
2 *0°-265  °C)
11
u ,co -Diaminoalkanes
The «*,<*>-diaminoalkanes were obtained com m ercially and used without 
fu rther purification.
h 2 n - ( c h 2 )x- n h 2
where x = 8,9,10,12 
Polym erization
Polybrom opyrom ellitim ides from Brom opyrom ellitic Acid and <*,t*-Diaminoalkanes
-(C H 2 ) x -N
B.rIIc
cII
o
oII
c
cII
o
N -
n
Polym erization of the polybrom opyrom ellitim ides proceeded as described 
for the poiypyrom ellitim ides (see pp. 8-9). The polymers appeared as orange solids 
with the following therm al (DSC) charac teris tics:
-(CH2)g-
-(c h 2)9 -
-(c h 2) 10-
-<c h 2)12-
E X 0 158 C ENDO 263 C
EXO 99 °C  ENDO 238 °C
IV. Synthesis of Random Copolymers via the Diamine Salt
Monomer P reparation
ENDO 320 C 
ENDO 286 °C 
ENDO 291 °C 
ENDO 305 °C
Diamine Saits
Oii
O -C
h 5 c 2 o - c
o
o
c - o c 2 h 5
C-O 'II
o
+NH3 - (CH2 ) 8 -NH3 +
Pyrom ellitic O ctam ethylene Diamine Salt
12
On
o-c
h 5 c 2 o - c
oII
c - o c 2 h 5
+NH3 -(C H 2 ) 1 2 -NH3 +
C -O 'iio
Pyrom ellitic  Dodecam ethylene Diamine S alt
~Q-C c - o c 2 h 5
+n h 3 - ( c h 2 ) g-NH 3  +
C -O 'II
o
Brom opyrom ellitic O ctam ethylene Diamine Salt
Dissolving brom opyrom ellitic acid or pyrom ellitic dianhydride in ethanol 
results in the form ation of the respective diacid d ie s te r .^  Mixing this species 
with alkylene diamines produces the 1:1 organic sa lt (see p. 8-9 for synthesis 
procedures).
Polym erization
Random Copolymer from Pyrom ellitic O ctam ethylene Diamine S alt and 
Pyrom ellitic  Dodecam ethylene Diamine S alt
Ou
-(C H 2 ) g -N
/
\
C
cII
o
oII
c
oII oIt
\  /  
n - ( c h 2 ) 1 2 - n
cII
o
\
c
cII
o o
\
N -
A 50/50 molar m ixture of pyrom ellitic octam ethylene diamine salt and 
pyrom ellitic dodecam ethylene diamine sa lt was mixed in a m ortar and ground to  a 
fine powder. The salts w ere then imidized therm ally , in vacuo (see pp. 8-9). A 
homogeneous random copolym erization product was not obtained. D ifferential 
Scanning C alorim etry  indicated two d istinct polymer m elts due to  the respective 
( C l ^ g  and (CH2 ) j 2  hom o-polypyrom ellitim ides.
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Random Copolymer from Brom opyrom ellitic O ctam ethylene Diamine Salt and
Pyrom ellitic Dodecam ethylene Diamine Salt
O B r O O O
-(C H 2 ) g -N s
/
N-
O O o o n
A 50/50 molar m ixture of brom opyrom ellitic octam ethylene diamine salt 
and pyrom ellitic dodecam ethylene diamine sa lt was mixed in a m ortar and ground 
to a fine powder. The salts were then imidized therm ally , in vacuo (see pp. 8-9). 
Again, a homogeneous random copolym erization product was not obtained.
V. Synthesis of Random Copolymers via the Polyam ide-acid
The pyrom ellitic dianhydride, p-phenylene diamine, 1,5- 
diam inonaphthalene, and -diaminoalkanes were obtained commercially and 
used without fu rther purification. The brom opyrom ellitic acid was prepared as 
previously noted (see p. 1 0 ).
Monomer P reparation
p-Phenylene Diamine
1,5-Diaminonaphthalene
Polym erization
Polyim ides from the polyamide-acid were synthesized as described by 
E d w ard s ,^  Edwards and E n d re y ,^  and St. C lair and P ro g a r:^
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li
c
cII
o
N -(C H 2 ) I  2 "n
Random Copolymer from  Brom opyrom ellitic Acid; PMDA; 1,8 -D iam inooctane; 
and, 1 , 1 2 -P i ami no do de cane
-  (CH2  ) g -N
The 1,8 -diam inooctane (0.001 mole) and 1 , 1 2 -diaminododecane (0.001 
mole) w ere added, with stirring , to  10 ml N ,N -dim ethylform am ide. Gentle 
warming was necessary to  induce com plete dissolution of the diam ines. The 
m ixture was cooled in an ice-w ater bath  to  approxim ately 15 °C. The 
brom opyrom ellitic acid (0.001 mole) and PMDA (0.001 mole) w ere then added in 
four equal portions at 1 m inute in tervals. The solution was s tirred  (24 hours) until 
a substantial increase in viscosity had been atta ined .
The viscous gel was spread on a glass p late  and dried in an oven (70 °C) for 
approxim ately 3 hours. The resulting cloudy film was removed with a razor blade 
and im idized, in vacuo, a t a tem peratu re  of 250 °C - 300 °C for 10 m inutes.
The polymer appeared as an orange solid. D ifferen tia l Scanning 
Calorim etry indicated no endotherm al transitions at tem peratu res below 400 °C .
Random Copolymer from  PMDA; 1,8-Diam inooctane; and, 1,12-Diaminododecane
O O O O
ti ii it »i
-<CH2)*-nC  I Q I  e ' N' 'CH2>‘2'N'c  O  C >
II |i II II
o o o o
The 1 ,8 -diam inooctane (0.0073 mole) and 1,12-diaminododecane (0.0073 
mole) w ere dissolved by warming and ag itation  in 28 ml N ,N -dim ethylform am ide. 
The m ixture was cooled to 15 °C in an ice-w ater bath and the PMDA (0.01468 
mole) added in four equal portions a t 1 m inute in tervals. A fter 48 hours the 
m ixture appeared highly viscous. The polyam ide-acid was spread on a glass plate 
and dried in an oven (79 °C) for approxim ately 1 hour.
Im idization was e ffec ted  by placing the glass p la te  in a 2:2:1 solution of 
benzene: pyridine: ace tic  anhydride overnight. The resulting cloudy, gel-like 
solution was heated to drive off the  solvents present.
The polymer appeared as an off-w hite solid and m elted  (DSC) a t
15
0
approxim ately 276 C.
Im idization was also carried  out therm ally . The dried polyam ide-acid filmO owas heated , in vacuo, to 250 - 300 C for 20 m inutes.
Random Copolymer from PMDA; 1,10-Diam inodecane; and, p-Phenylene Diamine
n
The p-phenylene diamine (0.0065 mole) and 1,10-diaminodecane (0.0065 
mole) w ere dissolved in 30 ml N ,N -dim ethylform am ide (agitation and slight 
warming necessary). The solution was then cooled in an ice-w ater bath to  
approxim ately 15°C. The PMDA (0.01304 mole) was then added in four equal 
portions a t 1 m inute in terva ls . An increase in viscosity was noted a f te r  stirring  
the m ixture overnight. A thin film of the viscous solution was spread on a glass 
p late and dried a t 70°C  for 2.5 hours. The yellowish-brown film was thenO Orem oved with a razor blade and im idized, in vacuo, a t 250 - 300 C for 
approxim ately 2 0  m inutes.
The polymer possessed exceptionally  high therm al stability . No m elting 
endotherm  was revealed by DSC analysis below 350 C.
-N
/
\
it
C
C
ii o
oII
c
cIIo
oII
c
/
N -(C H 2 ) 1 0 -
Random Copolymer from PMDA; 1,10-Diam inodecane; and, 1,5- 
D iam inonaphthalene
O O
-N
/
ii
C C
N-
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/
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c
cII
o
oII
c
cII
o
N -(C H 2 ) 1 0 -
The 1 ,5 -diam inonaphthalene (0.004 mole) and 1 , 1 0 -diam inodecane (0.004 
mole) w ere dissolved in 25 ml N ,N -dim ethylform am ide (agitation and slight 
warming necessary). The solution was then cooled in an ice-w ater bath to  
approxim ately 15°C. The PMDA (0.008 mole) was added in four equal portions a t 
1 m inute in terva ls. The solution was then s tirred  overnight. A thin film of the  
resulting viscous m ixture was spread on a glass p late and dried a t 70 °C for 2.5 
hours. The film was removed with a razor blade and imidized, in vacuo, a t 250 -
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300 cC for approxim ately 13 m inutes.
The polymer appeared as a brown solid and possessed extrem ely highotherm al stab ility . No m elting point was observed with the  DSC below 350 C.
VI. Synthesis of Polyimides from Bis-(4-amino-phenoxy)alkanes and 
Pyrom ellitic Dianhydride
Monomer P reparation
Bis-(4-Nitro-Phenoxy) Alkanes
-NO
where x = 1 0
The bis-(4-nitro-phenoxy) decane was prepared sim ilarly to  tha t described 
by Partridge and Short, * C o p e ,^  and Ashley e t a l : ^
In a 250 ml round bottom  flask, the p-nitrophenol (0.030 mole) and sodium 
hydroxide (0.030 mole) were dissolved in 100 ml of 95% ethanol. The 1,10- 
dibrom odecane (0.015 mole) was then added and the m ixture heated to  reflux for 
approxim ately 42 hours. A yellow prec ip ita te  of the bis-(4-nitro-phenoxy)-decane 
resu lted  upon cooling to  room tem perature . The crystals  were collected on a 
buchner funnel and washed thoroughly with ethanol and w ater to  remove all traces 
of sodium bromide. The product appeared as an off-w hite, powdery solid.
B is-(4-nitro-phenoxy)decane----------------------------------- mp 8 1 °- 83 °C
(No reported  m elting point)
Bis-(4-Amino-Phenoxy) Alkanes
-O - (CH ?) -O - -NB
where x = 1 0
The bis-(4 -amino-phenoxy)decane was prepared sim ilarly to  tha t described 
by Chau, M uramatsu, and Iwakurar*^
C oncentrated  hydrochloric acid (30 ml) and anhydrous ethanol (100 mi)
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were added to  25 g. of stannous chloride dihydrate (S n C ^  • 2 1 ^ 0 ) in a 250 ml 
round bottom  flask. The bis-(4-nitro-phenoxy)decane (0.0086 mole) was then 
added and the solution heated to  reflux for approxim ately 2  hours. The solution 
was allowed to cool slowly resulting in the precipitation of the white, crystalline 
diamine sa lt. The m ixture was further cooled in an ice bath and subsequently 
f ilte red  with suction. The crystals were then washed with ethanol and air dried.
Sodium carbonate (90 ml of a 10% solution) was added to  the diamine sa lt 
dissolved in 150 ml w ater. The yellowish precip ita te  was collected on a buchner 
funnel, washed with w ater, and allowed to  air dry.
The impure product was re crystallized from 100 ml of 95% ethanol and 10 
ml w ater. The bis-(4-amino-phenoxy)decane appeared as a iridescent, powdery 
white solid.
O O
Bis-(4-am ino-phenoxy)decane----------------------------------mp 116 - 118 C
(No reported  m elting point)
(See figure 4 for IR analysis)
POLYMERIZATION
Polyimide from Bis-(fr-Amino-Phenoxy)Decane and Pyrom ellitic Dianhydride
-N
/
\
i t
C
N -
C
iio
IIo
-O - (CH2  ) 1 Q "O -
n
Polym erization proceeded as described by Chau e t a l : ^
The bis-(4-amino-phenoxy)decane (0.001 mole) was dissolved in 10 ml N,N- 
dim ethylacetam ide with stirring . The PMDA (0.001 mole) was added in four equal 
portions a t 1 m inute in tervals. The solution was then s tirred  a t room tem perature 
overnight. A thin film of the  m ixture was spread on a glass p late and dried in an 
oven a t 70 °C for 2 hours. The resulting yelow film was removed with a razor 
blade and im idized, in vacuo, at 220 °C for one hour.
The polymer appeared as a yellow solid with high therm al stability. No 
m elting endotherm  was recorded with the DSC below 350 C.
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VII. Synthesis of Polyamides
Monomer P reparation
The terephthaloyl chloride, sulfanilam ide, sebacoyl chloride, and *, w 
-diaminoalkanes were obtained com m ercially and used w ithout fu rther 
purification.
Sulfanilamide
c i - c - ( c h 2 ) 8 - c - c i
Sebacoyl Chloride 
Polym erization
Polym erization proceeded as described by Griffin and H av e n s ,^  and 
Blumstein e t a l : ^
Polyamide from Terephthaloyl Chloride; Sulfanilamide; and, 1,8-Diaminooctane
In a 250 ml round bottom  flask, sodium hydroxide (0.0165 mole) and 
benzyltriethylam m onium  chloride (1 . 0 1  g) w ere dissolved in 100 ml w ater. The 
sulfanilam ide (0 . 0 0 1  mole) and 1 ,8 -diam inooctane (0 .0 0 ^ mole) were added to  the mixture 
with stirring. The terephthaloyl chloride (0.005 mole), dissolved in 50 ml m ethylene 
chloride, was then added resulting in a white p recip ita te  of the polymer. The solution 
was stirred  vigorously for 10 m inutes. The p rec ip ita te  was collected on a buchner funnel, 
washed thoroughly with w ater and acetone, and air dried.
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The polymer appeared as a powdery, white solid with the following therm al (DSC) 
ch arac teris tics:
ENDO 328 C ENDO 335 C
Polyam ide from  Terephthaloyl Chloride; Sulfanilam ide; and, 1,12-Diaminododecane
-C -N S -N -C •C -N -(C H 2 ) 1 2 -N - 
H H n
In a 230 ml round bottom  flask, sodium hydroxide (0.0156 mole) and 
benzyltriethylam m onium  chloride (1.0 g) w ere dissolved in 100 ml w ater. The 
sulfanilam ide (0.0005 mole) and 1,12-diaminododecane (0.0045 mole) were added 
to  the m ixture with stirring . The terephthaloyl chloride (0.0050 mole), dissolved 
in 50 ml m ethylene chloride, was then added resulting in a white p rec ip ita te  of the 
polym er. The solution was s tirred  vigorously for 10 m inutes. The p rec ip ita te  was 
collected  on a buchner funnel, washed thoroughly with w ater and acetone, and a ir 
dried.
The polymer appeared as a powdery, white solid with the following therm al 
(DSC) ch arac teris tics:
ENDO 282 C ENDO 292 C
Polyam ide from Sebacoyl Chloride and Sulfanilam ide
-N-,
o o oII II II
-S -N -C -(C H 2 ) 8 -C . 
O H
In a 250 ml round bottom  flask, sodium hydroxide (0.0136 mole) and 
benzyltriethylam m onium  chloride (1.02 g) w ere dissolved in 110 ml w ater. The 
sulfanilam ide (0.0038 mole) was added to  the  m ixture with stirring . The sebacoyl 
chloride (0.0038 mole), dissolved in 50 ml chloroform , was then added resulting in 
a c lear, gel-like p rec ip ita te  of the polym er. The solution was stirred  for 15 
m inutes and subsequently mixed with 150 ml m ethanol. The fibrous polymer was 
isolated  and air dried.
The polymer appeared as a white solid with the  following therm al (DSC) 
charac teris tics:
ENDO 105° C ENDO 117 °C
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VIII. List of Reagents
REAGENT
A cetic  Anhydride
Barium Chloride 
Dihydrate
B enzyltriethyl­
ammonium Chloride
Bromine
Chloroform
1,10-Diamino-
decane
1,12-Diamino-
dodecane
1,5-Diamino-
naphthalene
1.9-Diamino- 
nonane
1.8-Diamino- 
octane
1.10-Dibromo- 
decane
1.9-Dibromo- 
nonane
1 ,8 -Dibromo-
octane
N,N-Dimethyl-
acetam ide
N,N-Dim ethyl-
form am ide
Durene
Hydrochloric Acid
SUPPLIER
Aldrich
Fisher
Aldrich
Fisher
Fisher
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Burdick & Jackson
Burdick & Jackson
NASA
Fisher
PURITY
99+%
99%
97%
99%
99%
98%
90+%
98%
98%
97%
97%
98%
36.5-
38.0%
Hydro quinone Aldrich 99%
M ethylene Chloride 
p-N itrophenol 
p-Phenylene Diamine 
Potassium Hydroxide 
Potassium  Perm anganate 
Pyridine
Pyrom ellitic Dianhydride
Sebacoyl Chloride
Sodium Carbonate
Sodium Hydroxide
Stannous Chloride 
Dihydrate
Sulfanilamide
Sulfuric Acid
s-T etra-ch loroethane 
Terephthaloyl Chloride
Fisher
Matheson, Coleman & Bell
M allinckrodt
Fisher
Fisher
Fisher
Aldrich
Eastman
Fisher
Fisher
Fisher
Fisher
Fisher
Aldrich
85.8%
99%
99%
85%
99.96%
97.8%
99%
95.0-
98.0%
97%
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IX. Characterization
D ifferen tia l Scanning C alorim etry
Polym ers synthesized during the present research were exam ined therm ally 
with a Perkin-E lm er DSC-2 d ifferen tia l scanning calorim eter (see figures 5-18). 
Samples were analyzed under an atm osphere of nitrogen a t variable heating 
ra te s . Sample size varied from approxim ately 3 to 7 mg. An em pty aluminum 
DSC pan was used as the reference m ateria l. The instrum ent was calib rated  with 
an indium standard prior to use.
O ptical Properties
All polymers were exam ined visually with a L e itz  ho t-stage cross- 
polarizing microscope a t a 82X power m agnification.
X -ray D iffraction Analysis
X-ray d iffraction  was conducted on a Diano XRD - 6  a t the NASA Langely 
R esearch C en ter in Ham pton, Virginia (see figures 19-21). The 
polybrom opyrom ellitim ides were examined in a glass sample holder with nickel- 
f ilte red  CuK^ radiation (X= 1.5*fl78 A).
Solubility
Solubility studies were conducted on the ( G f ^ ) ^  bromopyrom ellitim ide 
polym er, since it possesses the longest aliphatic chain and it has the  lowest 
m elting tem pera tu re  of the homopolymers. I t was fe lt  th a t dissolution of this 
polymer would occur m ore readily than the other homologues. However, the 
(CH2 ) j 2  polymer was insoluble in m ost common organic solvents 
(dim ethylsulfoxide, dim ethylform am ide, dim ethylacetam ide, 2 -m ethoxy ethyl 
e ther) and only slightly soluble in concen tra ted  sulfuric acid and m -cresol. 
Com plete dissolution of the polymer was obtained in m -cresol a fte r  ag ita ting  a 
0.5% polym er-cresol m ixture in an oven a t 205 °C for approxim ately ^ 8  hours.
Solubility studies of the  random copolymers were conducted on the 
polypyrom ellitim ide from PMDA and (CH2 )g and ( C ^ ) ^  alkylene diamines (see p. 
1*0. Solubility (0.5%) in m -cresol was obtained a f te r  warming on a ho t-p late .
Viscosity
The inherent viscosity Otjnh) of the random copolymer from PMDA and 
(CH2)g and ( C ^ ) ^  alkylene diamines was obtained using an Ubbelohde
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v iscom eter. Viscosity m easurem ents were determ ined a t  25.3 C with a polymer 
concentration (w/v) of 0A%  in m -cresol. The polymer was dissolved in the  m- 
cresol on a ho t-p la te , filte red , and added to  the  viscom eter in a constant 
tem peratu re  bath . The inherent viscosity fo r the  random copolymer was 
calcu lated  to  be 0 . 8 6  dl g ~ in d ic a t in g  a high average m olecular weight.
RESULTS AND DISCUSSION
The polym eric system s prepared during th is research were characterized  
prim arily by D ifferen tia l Scanning C alorim etry (DSC) and polarizing microscopy. 
A t present, DSC and optical analyses are the best techniques available for quick 
and accu ra te  determ ination of liquid-crystalline m ateria ls .-^
By DSC analysis, the therm al properties of a substance are recorded. Thus, 
phase changes associated with the  transition  of an enantiom orph from its 
crystalline to  mesom orphic s ta te  and subsequently from the mesomorphic to  
isotropic s ta te  is determ ined. F u rther, the presence of polymesomorphism is also 
apparent a fte r  using th is technique.
The polarizing m icroscope can also d e tec t the presence of liquid 
crystallin ity . B irefringence in fluids is strongly indicative of a mesomorphic 
phase. In the ordered m olecular arrangem ent of the liquid-crystalline s ta te , a 
mesomorph possesses an orientational axis. Thus, polarized light passing through 
the liquid crystal experiences two indices of refraction , i.e. from the ray vibrating 
normal to  the  orientational axis (n_) and from the  ray vibrating parallel to  the axis 
(ne). The d ifference betw een ne and nQ is term ined birefringence. Since
birefringence can be observed from the crystalline morphology of the  solid s ta te , 
i t  is im portan t to  note the presence of fluidity  when identifying the anisotropic 
phase. As the mesomorph m elts to  the  isotropic s ta te , b irefringence is no longer 
observed.
The polymers synthesized here w ere carefully  prepared from their 
respective monomers using sto ich iom etric  1:1 mole ratios. G reat care was taken 
to  optim ize polym erization conditions, such as reaction  tem p era tu re , tim e, and 
purity of reagen ts. A fter polym erization, the  samples were analyzed with a 
Perkin-Elm er DSC-2 d ifferen tia l scanning calo rim eter and a L e itz  ho t-stage 
cross-polarizing m icroscope in order to  identify possible therm otropic liquid- 
crystalline behavior.
Polypyrom ellitim ides from P yrom ellitic  Dianhydride and *,<+> -Diaminoalkanes
Pyrom ellitim ides from pyrom ellitic dianhydride and alkylene diamines (see 
pp. S-9) were exam ined f irs t  in our search for a liquid-crystalline polym eric 
system . N onam ethylene, decam ethylene, and dodecam ethylene
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ytipolypyromellitim ide were initially  synthesized and studied by Tang. The 
polyoctam ethylenepyrom ellitim ide was subsequently prepared under the present 
research. All four members of the homologous series were obtained by imidizing 
the 1:1 organic sa lt. The isotropic m elt tem peratu res for these polymers 
exceeded 300 °C (see figure 22). This indicated a highly crystalline 
pyromellitim ide morphology. Research conducted by Acurex A e r o t h e r m ^  
substantiated  the crystalline nature of the PMDA polym ers. Unfortunately, the 
stab ility  of the crystalline s ta te  prevents the form ation of the anisotropic phase. 
A pparently, the interm olecular forces acting between the rigid pyrom ellitic 
m oieties are exceptionally strong. Thus, a f te r  sufficien t energy is im parted to the 
system in order to  break down the three-dim ensional order of the crystal la ttice , 
the polymer chains have enough therm al motion to assume the disordered isotropic 
s t a t e . ^  However, lower transition  tem peratures were recorded as the length of 
the alkyl segm ent increased within the homologous series.
Polyesters Drived from 4>4,-Dihydroxy- <*,a;-Diphenoxyalkanes and Terephthalic 
Acid
Since therm otropic polymers are not com m ercially available, liquid- 
crystalline polyesters ^ were prepared to  serve as model compounds for our 
studies. Polyesters with eight and nine m ethylene spacer groups were synthesized 
(see pp. 6-7).
D ifferential Scanning C alorim etry (see figure 5) revealed two broad 
endotherm s for the (CH2 )g polyester. The endotherm s appeared approximately 
53 °C apart with peak maximums at 234 C and 287 °C. An exotherm  was also 
recorded a t 197 °C, perhaps indicating an ordering below the crystallization 
tem peratu re . The in itial endotherm (234c C) results from m elting of the solid, 
crystalline s ta te  to  the nem atic s ta te . The second endotherm  (287 C) thus marks 
the transition of the nem atic  to  the amorphous isotropic s ta te .
When viewed on the  L eitz  hot-stage cross-polarizing microscope, the 
(CH2 )g polyester appeared birefringent between the above determ ined m elt 
transitions. Furtherm ore, the polymer exhibited a slight degree of fluidity during 
this interval.
D ifferential Scanning C alorim etry (see figure 6 ) and microscopy showed no 
indication of mesomorphic behavior for the (0 ^ ) 9  polyester. The cause of this 
deviation from expected l i te r a tu r e ^  results is not readily apparent.
Polybrom opyrom ellitim ides from  Brom opyrom ellitic Acid and -Diaminoalkanes
A s tu d y ^  of therm otropic polyesters has shown th a t crystalline melting 
tem peratures were substantially  depressed by placing la te ra l substituents on the
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rigid sections within these polymers. M oreover, the s tab ility  of the crystalline 
s ta te  was disrupted w ithout significantly altering  the  mesogenic ch arac te r of 
these polyesters. As previously noted, polypyrom ellitim ides from  PMDA and 
alkylene diamines possess a highly crystalline morphology. Thus, in an a ttem p t to 
destabilize the crystalline s ta te , a bromine substituent was placed on the 
pyrom ellitic ring s tru c tu re . Polybrom opyrom ellitim ides were prepared with 
m ethylene spacer groups of various lengths (see p. 1 1 ).
Through X-ray d iffraction  analysis, the brom opyrom ellitim ides w ere 
classified as sem i-crystalline polymers (see figures 19-21). A pparently, mono- 
brom ination of the pyrom ellitic m oiety partially  destabilized polymer 
crysta llin ity . Although crystalline m elt tem peratures for the 
brom opyrom ellitim ides were depressed as com pared to  their respective non- 
brom inated coun terparts , these values still rem ained relatively  high (23S -  320 °C). 
A comparison of bromo to non-bromo transitions (DSC) is shown in figure 22.
The polybrom ooctam ethylenepyrom ellitim ide and 
polybrom odecam ethylenepyrom ellitim ide showed no evidence of mesomorphism 
when examined optically  and with the DSC (see figures 7 and 9). However, the 
bromo ( C ^ ) ^  and ( C ^ ) ^  polyimides initially  showed indications of possible 
m esogenic behavior. M ultiple endotherm s were recorded for these polymers by 
DSC analysis (see figures 8  and 10). Endotherm s for the ( C ^ ) ^  polymer occurred 
a t  approxim ately 263 °C and 286 °C . The ( C ^ ) ^  polymer showed endotherm al 
transitions a t approxim ately 238 °C and 305 °C.
F urther exam ination of these polymer samples with the L e itz  ho t-stage 
cross-polarizing m icroscope failed  to  verify the existence of a s tab le  liquid- 
crystalline s ta te . B irefringence was not observed for the ( C ^ ) ^  bromo polymer 
betw een its endotherm al transition  tem pera tu res . Furtherm ore, significant 
decom position occurred a f te r  heating the ( C ^ ) ^  sam ple to  300 °C and above 
under the m icroscope. Although the bromo (0 ^ ) 9  polyimide did appear 
b irefringent betw een 263° -  286 °C , the sam ple showed no fluidity during th is 
in terval.
G riffin and H a v e n s ,^  as well as other research ers,^2-43 believe th a t 
m ultiple endotherm s observed in polym eric m ateria ls  are caused by the m elting of 
two crystalline form s which vary only by the size and perfection  of their 
c ry sta llite  s tru c tu re . During the course of a DSC scan, the polym er is able to  
m elt and recrysta llize . As these crysta llites grow and the crystal la ttic e  
increases in perfection , the  resulting struc tu re  becom es m ore stable and thus 
m elts a t higher tem p era tu res . Holdsworth and T u rn e r-Jo n e s^  s ta te  th a t th is 
m elting-recrystallization  process continues gradually throughout the heating 
cycle, and thus, is not observable in DSC baseline fluctuations. With higher 
heating ra tes, however, the polymer chains have less tim e for recrystallization  
and th ere fo re  only one endotherm al peak is subsequently observed.
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The m ultiple endotherm al transitions recorded for the ( C ^ ) ^  bromo- 
pyrom ellitim ide apparently resu lts from the m elting of two crystalline forms of 
the type described above. A t higher heating ra tes  the endotherm al doublet 
observed for this polymer disappears and only one m elting transition is recorded. 
However, the second endotherm  recorded for the ( C ^ ) ^  polymer m ost likely 
results from oxidative degradation. Initial DSC scans for this polymer show 
m ultiple endotherm al transitions; but, on subsequent DSC scans of the same 
( C ^ ) ] ^  sample, no endotherm al transitions were observed. Thus, the ( C ^ ) ^  
polymer m ust degrade rapidly a t tem peratures above 300 °C, and therefo re , 
subsequent DSC scans would show an absence of m elting transitions due to  the 
degraded s ta te  of the sample.
Random Copolymers via the  Diamine S alt
Random copolymers were also prepared in an e ffo rt to  reduce the stab ility  
of the pyrom ellitim ide crystalline s ta te . A 50:50 m olar m ixture of pyrom ellitic 
octam ethylene diamine sa lt and pyrom ellitic dodecam ethylene diamine sa lt was 
im idized in order to produce a copolymer with alkylene spacer groups of varying 
lengths along the polypyromellitim ide backbone (see p. 12). F urther, a 50:50 
molar m ixture of brom opyrom ellitic octam ethylene diamine salt and pyrom ellitic 
dodecam ethylene diamine sa lt was imidized in order to  produce a copolymer 
where the rigid sections vary as well as the length of the m ethylene segm ents (see 
p. 13).
Therm ally imidizing the solid sa lt m ixtures failed to  produce a 
homogeneous copolym erization product, as evidenced with the DSC (see figures 11 
and 12). Endotherm al transitions were recorded a t tem peratures previously noted 
fo r the  respective homo-polypyromellitimides.
Random Copolymers via the Polyam ide-acid
Solution polym erizations via the polyam ide-acid successfully produced 
copolymers in which the various rigid and flexible segm ents apparently a lternated  
randomly along the polymer backbone.
The random copolymer from brom opyrom ellitic acid, PMDA, 1,8- 
diam inooctane, and 1 , 1 2 -diaminododecane showed an absence of an endotherm alo
m elt transition  when analyzed by the DSC below 400 C (see figure 13). F urther, 
no m elting was observed visually under the  L eitz hot-stage m icroscope. The 
polymer did appear to  "soften” a t approxim ately 220 °C, but no further change was 
recorded until 320 °C, where substantial oxidative degradation occurred. This 
suggests that the sample possessed lit t le  or no crystallinity . I t may be th a t 220 C 
is the glass transition  tem peratu re  of this m ateria l.
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The random copolymer from PMDA, 1,8-diam inooctane, and 1,12- 
diaminododecane m elted  a t approxim ately 276 °C (see figure 14). The m elt 
transition  observed for th is  polymer was below each of the transitions recorded 
fo r its parent hom o-polypyrom ellitim ides. As previously s ta ted , the (C h ^ g  
pyrom ellitim ide m elted  a t  383°C  while the (C b^)]^  pryom eiltim ide showed a T m 
a t 305 °C . Obviously, polymer crystallin ity  had been disrupted to  some ex ten t; 
however, no evidence of mesomorphism was de tec ted .
The crystalline phase of the polypyrom ellitim ides from arom atic  and 
alkylene diamines (see p. 15) possessed exceptionally high therm al stability . No 
endotherm al m elt transitions were recorded by DSC analysis below 350 °C.
Similar behavior was observed visually with the L e itz  ho t-stage  microscope. 
Lengthening th e  rigid sections in these polypyrom ellitim ides apparently  increased 
the e ffe c t of a ttra c tiv e  in term olecular forces which fu rth er stabilized the 
crystalline s ta te .
Polyimides from Bis-(4-amino-phenoxy)alkanes and Pyrom ellitic  Dianhydride
The ( C F ^ jq polyimide was prepared (see p. 17) and exam ined for 
mesomorphic behavior. Again, this poly pyrom ellitim ide possessed high therm al 
stab ility . O ptical and DSC analyses failed  to  reveal a m elting transition below 
350°C .
Polyamides
The polyamides from terephthaloyl chloride, sulfanilam ide, and eight and 
tw elve alkylene diamines (see pp. 18-19) were obtained through in terfacia l 
polym erizations in w ater and m ethylene chloride. Both homologues exhibited 
m ultiple endotherm al transitions when analyzed by DSC (see figures 15 and 16). 
These transitions occurred a t 328 °C and 335 °C for the x= 8  polyamide, and a t 
282 °C and 292 °C fo r the x=12 polym er. Since birefringence with fluidity was not 
observed betw een the above transition  tem peratu res , the m ultiple endotherm s 
were apparently  due to  c rysta l-crysta l transitions and not mesomorphism.
The polyamide from sebacoyl chloride and sulfanilam ide (see p. 19) also
showed two endotherm al transitions with the  DSC (see figure 17). Theseo otransitions occurred a t 105 C and 117 C. Again, these transitions were caused by 
the m elting of two crystalline form s. This polyamide was obtained through an 
in te rfac ia l polym erization in w ater and chloroform .
Tw o-Component System s: Polym er Mixtures with 4,4t-Azoxydianisole
Mixtures of 4,4'-azoxydianisole and the random copolymer from  PMDA, 
1,8-diam inooctane, and 1,12-diaminododecane (see p. 14) were prepared a t
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polymer concentrations (w/w) of 9.54%, 19.78%, and 38.78%.
The 4,4’-azoxydianisole is a mesogenic low-molecular weight compound. Its 
liquid-crystalline mesophase occurs between 118° - 135 °C. This compound was 
selected  as a solvent fo r the aforem entioned polyimide to  te s t  for a lyotropically 
induced liquid-crystalline s ta te . Ideally, the rigid, rod-like s tru c tu re  of the 
anisole molecules would fa c ilita te  orientation of the polymer chains.
All three samples behaved sim ilarly upon heating in an oil bath. A t
approxim ately 118°C the 4,4'-azoxydianisole m elted to  its  liquid-crystalline s ta te  
©
and a t 130 C the isotropic s ta te  was obtained. No further change in the samples 
was observed until approximately 190°- 205 °C where the polymer appeared to  
m elt forming a homogeneous, viscous polymer solution. Cooling the m ixtures to 
room tem perature  and subsequently reheating to 200°C  produced identical 
results. No evidence of mesogenic behavior was observed for the polymer 
mixtures.
D ifferential Scanning C alorim etry further substantiated  the visual 
observations. Figure 18 shows the  DSC heating scan for the 38.78% polymer
om ixture. Heating the sample produced two endotherm al peaks occurring a t 113 C 
and 129 °C . These peaks denote the transition  of the 4,4’-azoxydianisole to  its 
liquid-crystalline and isotropic s ta te s , respectively. A broad endotherm  was
4 0observed between 177 C and 216 C where the polymer dissolved.
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CONCLUSION
The various m acrom olecular system s exam ined showed no evidence of 
therm otropic liquid-crystalline behavior. The polypyromellitimides possessed 
extrem ely  stable crystalline s ta tes . We a ttrib u te  this to  the  strong interm olecular 
forces acting between the pyrom ellitic ring m oieties. The flexibility along the 
polymer backbone afforded by the aliphatic spacer groups was insufficient to 
substantially  disrupt crystalline stability . Thus, mesomorphism was not observed.
The bromopyrom ellitim ides destabilized pyromellitim ide crystallinity  to  
some ex ten t. Placing the bromine substituent on the pyrom ellitic ring disrupted 
m olecular sym m etry, thus hindering crystallization . However, the crystalline 
m elt transitions for these polymers were still relatively high {>200 °C).
Random copolym erizations, from  PMDA and alkylene diamines of various 
lengths, produced polyimides with depressed crystalline m elt tem peratures; but 
again, mesogenic behavior was not observed. These copolymers were obtained via 
the polyam ide-acid in solutions of DMF or DMAc. Polym erizations of this type 
produced copolymers in which the various rigid and flexible segments apparently 
a lte rn a ted  randomly along the polymer backbone.
Random copolymers from  PMDA and m ixtures of arom atic and aliphatic 
diamines produced polyimides with exceptionally high therm al stability. These 
polymers failed  to  show a m elting transition below 350 °C.
The th ree polyamides synthesized also failed to  exhibit mesomorphism.
The polyamide prepared from sebacoyl chloride and sulfanilamide did, however, 
m elt at a relatively  m oderate tem peratu re  (105 °C). In th is case, the length of the 
m esogenic moiety (rigid rodlike segment) was substantially  shortened. Thus, the 
polymer chains possessed enough flexibility so th a t a gradual collapse of the 
crystal la tt ic e  to  the anisotropic phase did not occur.
Multiple endotherm al transitions were recorded for several of the 
polyimide and polyamide system s. However, these transitions were not 
represen tative of mesomorphism. The m ultiple endotherm s m ost likely were 
caused by the m elting of two crystalline form s th a t varied only by the  size and 
perfection  of their c rysta llite  struc tu re .
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FIGURE 2
POLYPYROMELLITIMIDES PREPARED FROM THE POL YA MIDE-ACID(20>
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FIGURE 5
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FIGURE 6
DIFFERENTIAL SCANNING CALORIMETRY
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FIGURE 10
DIFFERENTIAL SCANNING CALORIMETRY
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FIGURE 11
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FIGURE 12
DIFFERENTIAL SCANNING CALORIMETRY
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FIGURE 14
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FIGURE 17 
DIFFERENTIAL SCANNING CALORIMETRY
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FIGURE 18
DIFFERENTIAL SCANNING CALORIMETRY
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FIGURE 22
MELT TRANSITIONS (DSC) FOR BROMO AND NON-BROMO
PYROMELLITIMIDES
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